Two-photon absorption laser induced fluorescence (TALIF) is applied to atomic oxygen and nitrogen generated in the JAXA 750 kW arc-heated wind tunnel in order to obtain velocity, translational temperature and atomic number density distributions. Free stream velocity is estimated by Doppler shift and the translational temperature distributions are deduced from spectral broadening. The absolute center excitation wavelength and laser line width are estimated with the TALIF profiles from a static reference cell which is called as a flow reactor. In this flow reactor, atomic species are generated by microwave discharge. The spatial distributions of atomic number density are deduced from the integrated TALIF profiles. The absolute atomic number densities inside the flow reactor are estimated with a titration method. From the mass fraction estimation, it is found that the number densities of atomic oxygen are overestimated owing to the saturation effect. When oxygen is assumed to be totally dissociated, the fractional enthalpies are estimated.
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Introduction
Recently, several missions involving entry into the atmosphere of the Earth or the other planets have been proposed all over the world. [1] [2] [3] In these missions, spacecraft are exposed to severe heat loads by aerodynamic heating. Arc-heated wind tunnels have been widely used to simulate these entry environments on the ground because of their high heat flux density as well as its high particle speed, high temperature and large flow area. In order to evaluate the TPS materials using this facility, the simulated environment Ó 2014 The Japan Society for Aeronautical and Space Sciences should be correlated to a flight condition. For this purpose, an arcjet flow property should be characterized quantitatively. Such an elaborative effort can minimize the uncertainty of the heat shielding performance, leading to the reduction of excessive margins of the heat shield. 4) A total enthalpy value is one of the most important parameters in the arcjet flow conditions. The exact flow characteristics such as flow velocity, translational temperature and number density of atomic species are needed for the total enthalpy evaluation. So far, some nonintrusive methods have been applied at a 750 kW arc-heated wind tunnel (AHWT) facility in JAXA. Emission profiles have been obtained to determine the rotational temperatures inside the shock layer using a spectral matching method with the N 2 þ first negative and CN violet band. 5) In the case of inductively coupled plasma wind tunnel flow, the overall flow characteristics can be estimated by this method due to its thermochemical equilibrium condition. 6) On the other hand, its flow condition is hard to determine using the spectral matching method because arcjet free stream is in the strong thermochemical nonequilibrium flow through the nozzle expansion. High-sensitivity laser absorption spectroscopy methods, cavity enhanced absorption spectroscopy and cavity ring-down spectroscopy have also been applied to atomic oxygen in the excited state (3s 5 S) inside the shock layer and translational temperature was estimated. 7) Such past efforts were useful to determine a nonequilibrium aspect in the temperature of the arcjet flow. However, for a thorough characterization of the arcjet flow, atomic number densities of species at their ground states should be determined experimentally.
Laser induced fluorescence (LIF) yields space and time resolved populations, in particular, atomic ones at ground states in plasma, which are excited resonantly into a higher electric state. 8) Flow properties in very large and highpower, high-enthalpy arcjet facilities such as the 20 MW aerodynamic heating facility (AHF) and the 60 MW interaction heating facility (IHF) at NASA Ames Research Center have been investigated by two-photon absorption LIF (TALIF). 9) To date, the application of TALIF to atomic oxygen and nitrogen in smaller scale and lower input power arcjet facilities have not been reported in spite of the fact that most of the active arcjet facilities are smaller.
In this paper, the validity of the TALIF application to the free-stream flow and the shock-layer flow around the specimen in the 750 kW AHWT in JAXA is investigated. The problem of reabsorption is usually absent in TALIF because the fluorescence occurs to an intermediate state due to the selection rules. On the other hand, the saturation phenomenon can occur with high laser intensity. Some researchers measured the saturation intensity with the target species. 10) However, because it depends not only on the laser intensity, but also on the laser broadening width, spatial profiles of the laser beam and the number density of the target species, the theoretical estimation of saturation intensity is quite difficult. Therefore, in this paper, flow properties obtained by TALIF are verified in order to investigate the TALIF applicability. Due to the high laser intensity, O-TALIF signal intensity distribution at each wavelength can be obtained with an ICCD camera. By using these O-TALIF profiles, the free-stream velocities are estimated by the Doppler shifts, and translational temperature distributions are performed by spectral broadening. The center excited wavelength and the laser line width are estimated with TALIF profiles obtained from a stationary reference cell, flow reactor. The relative fluorescence signal intensity with the flow reactor is calibrated by a titration method and absolute number density distributions of atomic oxygen and nitrogen are obtained. From these results, enthalpy modal fractions are evaluated.
Theory
Oxygen atoms are excited via the 2p 4 3 P 2;1;0 ! 3p 3 P 1;2;0 two-photon transition at 225.6, 226.1, 226.2 nm and detected using the 3p 3 P 1;2;0 ! 3s 3 S fluorescence transition at approximately 844.6 nm. In this experiment, TALIF is applied to the 2p 4 3 P 2 state because of the largest intensity in these three states. The line shape observed from twophoton excitation is a convolution of the absorption line shapes and the laser line broadening. Here, the two-photon excitation line shape functions are assumed to be Gaussian with the assumption of the Gaussian line shape functions of absorption and laser spectral profiles.
11) The relative absorption cross-sections and frequency differences of the three transitions are obtained from the theoretical analysis of Saxon and Eichler. 12) Nitrogen atoms are excited via the 2p 3 4 S 3=2 ! 3p 4 S 3=2 two-photon transition at 206.7 nm and detected using the 3p 4 S 3=2 ! 3s 4 P 1=2;3=2;5=2 fluorescence transition at 742-746 nm. Provided that there is no collisional shift in the arcjet flow, the flow velocity in the arcjet free stream is measured from the Doppler shift Á! 0 of the two-photon absorption line resonance wavelength from static conditions
The width of the resulting spectrum in absolute wavelength is given by the following expression:
In this evaluation, the pressure broadening is not taken into account. Therefore, this effect will be investigated with the flow reactor in the near future. The Doppler width is related to the translational temperature, T tr , by the following expression
The fluorescence signal spectrally integrated over the excitation line shape is proportional to the atomic number density, which is written as follows
Here K , K ! and K L are written as follows
The LIF signal intensity at the same laser wavelength decreases as the laser line broadening and flow temperature increase, while spectrally integrated values are not affected by these values. 13) Some researchers made additional measurements in order to convert the integral signal values to absolute atom number density by quantification of the temporal and spatial characteristics of the laser pulse and the signal collection efficiency, and measured values of the absolute two-photon excitation cross section for the transition and of the second-order coherence factor for the laser used in these experiments.
14) The uncertainties in these quantities, particularly the two-photon absorption crosssection and laser temporal and spatial characteristics introduce the largest sources of error in measurements of the absolute number density. In this experiment, a flow reactor is used as an atomic species generator. This particle source generates a stationary gas flux of atomic radicals by microwave excitation. The absolute concentrations at the LIF observation region are determined by the titration with nitrogen dioxide and nitride oxygen.
15) The titration technique is based on fast chemical reactions between the generated radicals and an appropriate titration gas added to the main gas flux in a well-controlled manner. Concerning atomic oxygen and nitrogen, the following reaction occurs
Assuming ideal mixing and complete reaction within the corresponding reaction time, nitrogen dioxide and nitride oxygen lead to the consumption of one atomic radical. A linear decrease of the fluorescence signal with increasing flux of the reactant gases is expected until the signal amplitude tends to zero. At this so-called titration endpoint, the flux of titration gas molecules equals the initial flux of atomic species, so that the corresponding atomic density is obtained as follows according Dalton's law and the ideal gas law
Comparing with the TALIF signals from AHWT and this flow reactor set at the measurement position, absolute number density can be estimated as following simple equation:
3. Experimental Setup
750 kW Arc-heated wind tunnel
The experiments are conducted in the 750 kW AHWT developed in the JAXA Chofu space center. The test conditions in these experiments are tabulated in Table 1 . Compared to AHF and IHF, bulk enthalpy in the AHWT of the same order of magnitude is achieved with smaller mass flow rate from 10 to 20 g/s. This wind tunnel consists of a constricted-arc heater, a conical nozzle with a throat diameter of 25 mm and a test chamber. Its nominal Mach number at the nozzle exit is designed as 4.8. The wind tunnel conditions are controlled by the applied electric current and total mass flow rate. Test durations of up to 30 minutes are possible depending on the particular conditions. During the tests, the chamber pressure, cabin pressure and arc conditions are continuously monitored. Stagnation-point heating measurements are performed before and after the tests by a water-cooled calorimeter. In addition, pitot pressures are measured by a pitot tube.
TALIF measurement system
A schematic diagram of the measurement system for TALIF is illustrated in Fig. 1 . In order to adjust the excited laser beam wavelength to atomic oxygen and nitrogen, the setup of the laser system is changed as follows. In the case of atomic oxygen at approximately 225.6 nm, a tunable dye laser (ScanMate 2E, Lambda Physics) pumped with a third The target wavelengths are obtained on the basis of frequency mixing in nonlinear optical crystals. Some dielectric mirrors are used to direct the beam through a quartz window and down the centerline of the flow field. The laser beam is incident onto the specimen at the angle of 50 degrees to the free-stream axis. When the appropriate test conditions are attained during the arcjet experiments, the excitation wavelength from the dye laser is scanned through the absorption transition and the fluorescence signals are recorded as a function of wavelength. In the oxygen case, the TALIF signal intensity distributions are detected by an intensified CCD camera (1,280 Â 1,024 array with 6.7 mm pixels, LaVision Nanostar camera), coupled to a NIR Nikon lens (105 mm, f/1.8) due to the relatively high laser intensity, which was approximately 1 mJ inside the vacuum chamber. The laser pulse and the camera exposure timing are synchronized with each other by a programmable timing unit and 20 photos are summed at each wavelength for improving the signal to noise ratio. The captured data is transferred to the computer via fiber optical link. In order to estimate the Doppler shift and the laser line width, the TALIF signal from a flow reactor through a quartz window and a band pass filter is detected simultaneously by a photo multiplier tube (H9305-02, Hamamatsu), converted into the voltage signal by an amplifier (C6438-01, Hamamatsu) and stored by a high-speed digitizer (DP1400, Acquiris). More details about the flow reactor are described in section 3.3. On the other hand, the TALIF signal from the nitrogen atom is lower than the one from the oxygen atom. Owing to use of a photo multiplier tube instead of the intensified CCD camera, the TALIF signal could be detected at the one point. In addition, the simultaneous measurement of the flow reactor could not be performed. In order to eliminate the emission from the plasma flows, interferometer filters were inserted in front of the signal detectors in both cases. The excitation rate scales with the square of the laser intensity in the case of two-photon absorption from a single beam as shown in Eq. (4). 9) The TALIF signals are reduced by the laser intensity measured by an energy sensor (J-50MB-LE, COHERENT).
Flow reactor
The schematic of the flow reactor is shown in Fig. 2 . In the oxygen case, oxygen gas (10 sccm) and argon gas (300 sccm) are admitted through the quartz tube, the inner diameter of which is 8 mm, and placed in the center of a microwave cavity which is cooled by water. Oxygen atoms are generated in the microwave discharge (2.45 GHz, 150 W) by electron impact dissociation. The resulting gas flux expands into the main tube, the inner diameter of which is 6.3 mm, made of Teflon in order to minimize wall recombination losses. A Teflon tube is connected about 10 cm upstream of the LIF observation region in order to add 3.63% nitrogen dioxide and argon mixture, from 0 to 300 sccm, to the main flux. In this case, the nitrogen dioxide is diluted by argon in order to avoid the NO 2 liquid. All gas mass flow rates are monitored by mass flow controllers and the total pressure is measured by a crystal gauge. In this condition, the ambient pressure was about 220 Pa. In the case of atomic nitrogen, nitrogen gas (30 sccm) and argon gas (500 sccm) are admitted. Input power of the microwave oscillator is 100 W. In order to decrease the atomic nitrogen number density with the reaction of Eq. (7), nitric oxide from 0 to 1 sccm is added to the main flux. In this condition, the ambient pressure is approximately 1,200 Pa.
Computation of arcjet free stream
An integrated computational fluid dynamic (CFD) method for arcjet flow is used for the purpose of comparison with measured arcjet free-stream properties in the next section. Although the numerical procedures in the CFD method are given in Refs. 16) and 17), the methodology will be explained briefly. The CFD method simulates an AHWT flow by solving the conservation equations for two-dimensional axisymmetric viscous flow. Calculation is made separately in an arc heater section and a nozzle section within the AHWT. At first, the flow solution is obtained in the arc heater section by assuming that the flow field is in a thermochemical equilibrium state. Heater power and mass flow rate are specified as a set of input parameters in this calculation. Then, the arcjet free-stream properties are calculated by simulating an expanding flow in the nozzle section under a thermochemical nonequilibrium assumption. The nozzle calculation is made using the flow solution of the arc heater section as an inflow condition. As a result, the arcjet freestream properties are given by a specified wind tunnel operational condition. It should be noted that the CFD method is validated against the available experimental data obtained in several arcjet wind tunnels. 16 
Results and Discussion

Calibration in the flow reactor
In order to calibrate the relative number density of atomic oxygen and nitrogen, the fluorescence signals from the flow reactor are measured. The measured titration curves as a function of the titration gases are shown in Fig. 3 . As the flux of the titration gases increases, the TALIF signal of atomic species decreases. The extrapolation of the titration endpoint yields an atomic oxygen and nitrogen density of 1:3 Â 10 21 m À3 and 7:8 Â 10 20 m À3 , respectively. From this result, the dissociation rates of molecular oxygen and nitrogen are estimated as approximately 38.5% and 4.8% in the microwave discharge region.
TALIF to atomic oxygen in the AHWT
The fluorescence signal distributions from the atomic oxygen in the AHWT flow are detected by the ICCD camera at each wavelength along with the laser beam. The TALIF signals are detected for the cases with and without the specimen. From these photos, the O-TALIF profile at every 1 mm revised with the laser intensity is obtained along with the excited laser wavelength as shown in Fig. 4 . Points are experimental values and solid lines are best fits to the measured values with the Gaussian convolutions. From Eqs. (1), (3) and (9), the flow velocity, translational temperature and atomic oxygen number density distributions are obtained as shown in Figs. 5-7 . The zero in the horizontal axis means the position where the specimens are set. At that place, the distance from the nozzle exit is 100 mm. Errors in these figures are estimated with AE2' uncertainty by the fitting procedure. In addition, misalignment of the laser beam angle and standard deviation of the TALIF signal from the flow reactor are taken into account for the error analysis. The CFD results are shown in the same figures, but the comparison will be made later. Increases in translational temperature and atomic oxygen number density were also observed inside the shock layer. Owing to the large laser line width, which was approximately 2 pm, errors in the translational temperature measurements are large. In order to improve the accuracy in the measured translational temperature, the laser line width of the dye laser should be narrowed. Such a measurement will be planned in the near future.
TALIF to atomic nitrogen in the AHWT
The fluorescence signals from the atomic nitrogen are detected in the AHWT flow. Owing to the low laser intensity, N-TALIF profiles are detected only on the center axis. Due to the large emission, the fluorescence signal of atomic nitrogen could not be identified inside the shock layer. The number densities of atomic nitrogen are estimated as shown in Fig. 8 . The error bar is evaluated by the standard deviation of the five-time measurements. The laser broadening width is estimated with the averaged translational temperature obtained by TALIF to atomic oxygen as shown in Fig. 4 . Although the error is large, the number density of atomic nitrogen increases because of the higher dissociation rate due to the larger input power.
Validity of the experimental results
The experimentally deduced arcjet flow velocity, translational temperature, and atomic oxygen and nitrogen number densities are compared with the CFD results as shown in Figs. [5] [6] [7] [8] . Note that the data for the atomic nitrogen number density in Fig. 8 is given at the centerline of the flow at the measured location without the specimen, and the other data are plotted against a distance away from the position in the test section. From the comparison, a relatively good agreement is seen between measurements and calculations of the velocity shown in Fig. 5 . The location of the shock wave is nearly the same for both measurement and calculation. For the translational temperatures for both cases without the specimen shown in Fig. 6 , reasonable agreement is seen. However, for the cases with the specimen, there is disagreement between measurements and calculations. As mentioned above, the saturation effect in the translational temperature measurement is partly attributable for this discrepancy.
From Fig. 7 , the calculations consistently underestimate the measured atomic oxygen number densities. In contrast, calculated atomic nitrogen number densities are in reasonable agreement with the measured ones as seen in Fig. 8 , although the calculations tend to slightly underestimate the measurement. In order to discuss the accuracy of the measured data more precisely, the mass fraction of atomic species is deduced by the following procedures. From the Rayleigh supersonic pitot relationship, the local density can be expressed as follows 14) &
The atomic oxygen and nitrogen mass fraction are evaluated through the relationship
As a result, the mass fractions of atomic oxygen and nitrogen are estimated as shown in Fig. 9 . The possible maximum value of the atomic oxygen and nitrogen mass fractions are evaluated by the following equation with the assumption that the molecules are completely dissociated without ionization These maximum values are estimated as 0.233 for oxygen and 0.767 for nitrogen, respectively, and are also shown in Fig. 9 . One can see that the experimentally deduced atomic nitrogen mass fraction agrees reasonably with the calculated one. However, the experimental mass fraction of atomic oxygen is higher than the calculated value. In addition, the experimental value is higher than the maximum value. Unfortunately, this value is unrealistic even if all oxygen molecules are dissociated in the arcjet free stream. The exact cause for the discrepancy in the atomic oxygen number density is currently unknown. The saturation phenomenon mentioned in the introduction might affect the overestimated number density of atomic oxygen owing to the 1.5-times higher laser intensity for the flow reactor experiment than the one for the arcjet measurement. The saturation laser intensity to the target number density should be investigated carefully in the near future.
Centerline enthalpy of arcjet free stream
One can evaluate a total enthalpy value based on the measured properties in the present study. The total enthalpy is expressed as follows
Here, the first term in the right hand side of Eq. (13) is referred to as ''kinetic mode,'' the second one as ''chemical mode'' and the last one as ''thermal mode.'' When the chemical mode is calculated, the dominant chemical species in the arcjet free stream are assumed to consist of N, O and N 2 . This assumption is presumably valid for the present arcjet operating conditions based on the CFD results, though the result is not shown here. When O mass fraction is assumed to be 0.232, N 2 mass fraction is calculated as follows
Using the specific heat constants, gas constants and characteristic dissociation temperatures obtained in Ref. 14) , kinetic, chemical and thermal enthalpies on the center axis at case A and B are evaluated as shown in Fig. 10 . The dominant contributions to the total enthalpy come from the kinetic mode and chemical mode of atomic nitrogen. In contrast, the total thermal contribution to the free-stream enthalpy is less than 10% in these test cases. The ratios of the centerline enthalpy to the bulk enthalpy as shown in Table 1 are 1.6 for case A and 1.7 for case B.
The CFD method tends to underestimate the experimentally deduced centerline enthalpy value by approximately 15% at most. The calculated values of the centerline enthalpy are 28.1 and 17.9 MJ/kg for case A and B, respectively. It should be noted that the CFD method gives reasonable agreement with measurement for the bulk enthalpy: the value is 20.0 for case A and 13.5 MJ/kg for case B. This trend is roughly consistent with the one observed in the past studies. 18, 19) This discrepancy is likely due to the fact that calculation underestimates the atomic nitrogen number density, resulting in the underestimation of the chemical mode of the enthalpy. A detailed discussion of the cause for this discrepancy is beyond the scope of the present study. Such an investigation will be made in the future.
Conclusion
TALIF was applied to atomic oxygen and nitrogen in order to estimate the flow velocity, translational temperature and number density of atomic species distributions in the JAXA 750 kW AHWT flow. The laser line width and the center absorption wavelength were estimated by TALIF profiles obtained from a flow reactor during the AHWT tests. The number density of atomic oxygen and nitrogen in this flow reactor were evaluated to be 1:3 Â 10 21 m À3 and 7:8 Â 10 20 m À3 by titration methods with nitrogen dioxide and nitric oxide, respectively. Compared with the TALIF signal from the flow reactor set inside the measurement region, the number density distributions in AHWT flow were obtained. The experimentally deduced arcjet flow velocity, translational temperature, and atomic oxygen and nitrogen number densities were compared with the CFD results. In the velocity, translational temperature and number density of atomic nitrogen measurements, relatively good agreement was seen with the simulated ones, while the number density of atomic oxygen was overestimated. This was also suggested by the mass fraction estimation. The main reason of this discrepancy was suspected to be the effect of saturation owing to the high laser intensity. The saturation energy for the oxygen and nitrogen atoms as a function of the atomic number density should be investigated carefully in the near future. 
